Abstract Electromagnetic suspension system is commonly used in the field of high-speed vehicle, conveyor system, tool machines and frictionless bearing. Modelling a magnetic system requires modelling the magnetic force characteristics together with the current and the position. In this work; a 1D look-up table, of measured data, was used to represent the inductance as a function of the airgap. A 2D look-up table was generated to represent the electromagnetic force as a function of the current and the airgap. The proposed model account for both inductance variation and current variation as the airgap is changing.
Introduction
One of the main problems in modelling a magnetic suspension system is the nonlinearity inherent in the electromagnetic circuit. To model the magnetic levitation force, the force-position-current equation is often used [1,2,3, and 4] . Simulation data together with lookup tables was also implemented to model the system [5] . Experimental data which relate the force to the airgap is considered to be more realistic [6] . When applying a DC voltage into an electromagnet that is suspending an iron object (the object is freely suspended in the air), the voltage applied and the current induced in the circuit are related through the flux linkage as follows:
(
where; R is coil resistance, φ is the flux-linkage, i is the current flowing in windings, t is the time, and z is the airgap.
To model the full nonlinearity of the system, eqn.1 has to be used. There were various approaches to this problem discussed in [7] where different forms of equation.1 were applied. Methods carried out to handle the nonlinear data through mathematical approaches using curve fitting to represent the nonlinear data introduce some errors, and these errors will increase by the process of differentiation.
Modelling of a Magnetic Suspension System
The electromagnetic force is the rate of change of the co-energy ( , ) ( , ) constant
In the absence of leakage flux the same flux links the N-turn winding N times and also that the flux density is constant over the cross section, the magnetic co-energy can be written in the following form [8] ;
Assuming linear flux-current characteristics, the inductance can be written as [9] 
0 µ is permeability of free space, N is the number of turns, and A is the cross sectional area .
By substituting the inductance into energy equations, equation.2 can be written as follows;
Nichols [10] used equation.5 to characterise an electromagnetic suspension system. In modelling electromagnetic system, equation.1 can be simplified as follow;
( ,
By ignoring the second term (assuming no variation in the inductance, so the first derivative is zero) and if the inductance variation according to the change in the airgap is taken into account, equation.8 can be written as follow:
Equation.10 will be used to model the system in MAT-LAB. Although the model doesn't include the full nonlinearity of the system but it does allow for the inductance to be written as a function of the airgap, thus the equation deals with the nonlinearity partially.
Simulation Results and Discussion
A model using equation.10 was generated and implemented using MATLAB/SIMULINK software .The model is shown in Figure.1 .
A 1D look-up table was used to represent the inductance as a function of the airgap. A 2D look-up table was used to represent the electromagnetic force as a function of the current and the airgap. The values used in the 1D look-up table are measured data [10] . The output of the 2D look-up table is calculated using equation.5 while the two inputs (the current and the airgap) values within equation.5 are measured data [10] . The 1D look-up table reads out the inductance value corresponding to the given position input, while the 2D look-up table reads out the electromagnetic force corresponding to the given position and current inputs. The values used in the simulation model are given in Table. 1 [10] , while The electromagnetic force will be used to suspend the iron object, thus:
Where; a = acceleration. The acceleration was integrated twice to give the actual position. The magnetic suspension system is highly unstable. The position is fed back and compared with a reference position (nominal position) to form the error, and the error signal is used to derive the system. The model was run in MAT-LAB/SIMULINK and when applying a step response to the system, the airgap position is seen to fall down dramatically indicating instability.
In the previous model, the derivative of the inductance was ignored which means that the term
was set to zero.
It is more realistic to represent the system using equation.8, which allows for the previous term to have values other than zero. Using equation.8, the model was improved as shown in simulation block diagram ( Figure. 3). The previous model was run in Simulink and the result showed instability of the system. This result is expected since the model contains no form of controller. The amounts of data used were quite enough (ten airgaps against eleven currents values which give a total of one hundred and ten values for the electromagnetic forces). The inductance table was generated at ten different airgaps. It is important to mention that the intermediate values which are not included in the tables are found by linear interpolation. Since a linear equation is used to generate the force and there were enough data used, the errors associated with interpolation are expected to be small. As time increases the airgap falls dramatically towards the negative values, which indicates that, the object will fall away from the electromagnet towards the earth gravity. This means that electromagnetic force applied is less than the gravity force and thus the object falls down. The differences between the two implemented models can be explained in terms of simplicity, amount of calculations, associated errors, and the degree of accuracy. The first model is simpler than the second model in term of the equation used to describe the system. Also, the second model is more descriptive in term of the nonlinearities, since the model allows for both current and inductance to vary according to the airgap. The amount of calculation performed, while simulating the system, in the second model is greater than that in the first model. That is due to the differentiation term added to the equation.
Conclusions
Two models were suggested and implemented to model the electromagnetic suspension system. A 1D look-up table was used to represent the inductance as a function of the airgap and a 2D look-up table was used to represent the electromagnetic force as a function of the current and the airgap. The second model is more accurate and representative but the amount of error is expected to be greater than that of the first model. This is due to the introduced differentiation process. At this stage, it is difficult to draw a conclusion regarding the exact behaviour of the system but the system is clearly unstable as the airgap is changing dramatically with time.
